Nominally undoped GaAsSb/GaAs superlattices were annealed at temperatures between 900 and 1100°C in a closed quartz ampoule. A strong dependence of the interdiffusion coefficients in the GaAs/GaAsSb superlattices on the arsenic vapor pressure was observed by two independent methods: secondary ion mass spectroscopy, and high-resolution x-ray diffraction using dynamic calculations to extract interdiffusion coefficients. The interdiffusion coefficient was low in the Ga-rich regime where an Arrhenius like dependence with an activation energy of 1.5Ϯ0.4 eV and a preexponential factor of 7.1ϫ10 Ϫ12 cm 2 s Ϫ1 was found. For the As-rich regime the activation energy was 2.0Ϯ0.1 eV and the preexponential factor 7.8ϫ10 Ϫ9 cm 2 s Ϫ1 .
I. INTRODUCTION
For process simulation of GaAs-based devices a detailed knowledge of diffusion under different conditions, like doping and strain, is required. Intermixing of superlattices has been shown to be a powerful approach to study diffusion in semiconductors. 1 Diffusion of substitutionally dissolved atoms in a crystalline solid involve point defects such as vacancies or self-interstitials. Therefore, the diffusion coefficient is influenced by point defect concentrations. For compound semiconductors these concentrations can be adjusted by applying an appropriate external vapor pressure of the more volatile component. 2 The evaporation of this volatile compound ͑i.e., arsenic in the case of GaAs͒ is a common problem for all superlattice interdiffusion experiments of compound semiconductors. Thus, the superlattices are usually either capped or a relatively high vapor pressure is applied. 3 A superlattice is strained if the lattice constants of the sublayers differ. Although below a critical thickness the strain is elastic, dislocations can be introduced if the thickness exceeds a critical thickness as a way for strain relief. 4, 5 In order to exclude the influence of dislocations on the diffusion process -threading dislocations may act as diffusion channels -the superlattice strain before and after diffusion should be known.
Three methods are commonly used to measure the interdiffusion coefficient of semiconductor superlattices: photoluminescence ͑PL͒, secondary ion mass spectroscopy ͑SIMS͒, and x-ray diffraction ͑XRD͒. These methods are based on different physical properties. PL gives the energy of the radiative recombination near the band-gap minima of the superlattice structure. For direct semiconductors an interdiffusion coefficient can be calculated from the recombination energy neglecting the influence of the quantum size effect and the strain. 6 SIMS is mainly used because of its direct profiling of all elements, including dopants down to very low concentrations and a lateral resolution in the micrometer range. Nevertheless, SIMS has some important drawbacks. The depth resolution of SIMS is limited to typical values of 3-5 nm by unavoidable surface roughening and ion beam intermixing during sputtering. 7 Furthermore, SIMS is a destructive analysis method.
High resolution x-ray diffraction ͑HRXRD͒, also called double crystal x-ray diffraction, is a well-established method for qualitative and quantitative measurements of superlattice properties such as mean composition, period, strain, and deviations from an ideal element profile. 8, 9 A quantitative evaluation requires comparing the measured rocking curve with calculated curves. 10, 11 Whether the kinematic approximation for the calculation is sufficient or a dynamical calculation is needed, normally cannot be predicted in advance. It has to be checked for each superlattice structure investigated. 12, 13 In conclusion, a combination of SIMS with HRXRD is most suitable for a comprehensive study of interdiffusion processes in high-quality single-crystalline superlattices.
II. EXPERIMENT
GaAs (1-x) Sb x /GaAs superlattices were grown by metal organic chemical vapor deposition ͑MOCVD͒ at 525°C. The gas sources were tertiarbutylarsine and triethylgallium for GaAs; for the GaAsSb layers trimethylantimony was added. A growth rate of about 0.9 m per hour was measured. The ͑100͒-GaAs substrate was nominally undoped. Although no dopants were intentionally introduced during growth, the superlattice was weakly p doped by C impurities. The thickness was 20 nm for both the GaAs (1-x) Sb x ͑nominal xϭ0.02) and the GaAs layers. The total number of periods was 10. The superlattice was capped by a GaAs layer of a thickness of 50 nm. A Philips material research diffractometer ͑MRD͒ was used for x-ray investigations. A Ge ͑220͒ monochromator built with two channel cut crystals selects a nearly parallel x-ray beam from the Cu K␣ 1 line of the x-ray tube point focus. The instrumental resolution is 12 arcsec, and the convolution of this resolution with the natural line width of the ͑004͒-substrate reflection leads to an experimental width of about 15 arcsec. In order to obtain a higher resolution near the substrate peak and to obtain a reciprocal space mapping, a channel cut analyzator with three reflections was used. The SIMS antimony profiles were measured by commercial equipment ͑Cameca IMS 4f͒. Pieces with an area of 3ϫ5 mm 2 were cut from the GaAs wafer covered by the superlattice, inserted into the ampoule, evacuated to a pressure of several 10 Ϫ4 Pa and sealed. The volume of the sealed quartz ampoule was about 2 cm 3 . The diffusion annealing was done between temperatures from 900 to 1100°C for 1 h in all experiments.
In a first series of diffusion annealings the arsenic pressure was changed by inserting metallic arsenic into the quartz ampoule before sealing. In this case, the arsenic vapor pressure varied from 1ϫ10 3 to 3ϫ10 5 Pa. A second series of diffusion anneals was carried out protecting the superlattice surface by placing a second superlattice face to face on top of the first. The interdiffusion was stopped by quenching the quartz ampoules in water. Furthermore, the water quench prevented condensation of arsenic vapor on the specimen surface.
III. RESULTS
The quality of the as-grown sample was confirmed by HRXRD. The x-ray rocking curves exhibit superlattice reflections on both sides of the substrate peak up to the fourth order. The finer and weaker fringes between the different superlattice orders, which reveal the total thickness of the film and the perfectness of the repeated period, could be distinguished easily.
Parameters were determined to fit the x-ray rocking curves of the as-grown superlattice by dynamic calculations using a commercial software.
14 In particular, a GaAs (1-x) Sb x layer thickness of 18 nm, a GaAs layer of thickness 17.5 nm, and a composition of xϭ0.026 were found. These values were used as a starting point for the dynamic simulation of superlattice interdiffusion.
An ideal multilayer has well-defined sharp transitions between the layers and the element profile can be considered as rectangular. During diffusion the profile is smeared out to the final state of a flat profile. This behavior can be seen in Fig. 1 . In this plot, the Sb SIMS profiles for different arsenic vapor pressures and an annealing temperature of 1000°C are shown. A strong enhancement of the interdiffusion for higher arsenic vapor pressures can be observed: in the case of low arsenic vapor pressure (1ϫ10 3 Pa͒, the SIMS profile shows almost no difference to the case of the as-grown samples.
The rounding of the Sb-concentration profile resulted mainly from the limited resolution of SIMS. Annealing under high arsenic vapor pressure conditions (3.2ϫ10 5 Pa͒ led to almost complete intermixing of the superlattice layers.
The same behavior can be seen by the corresponding x-ray rocking curves in Fig. 2 . For the higher As vapor pressures, the higher orders of the superlattice fringes decrease in intensity as interdiffusion proceeds. From the ratio of the amplitudes of the higher order superlattice fringes to the zeroth-order film peak the interdiffusion coefficient can be calculated. The Sb-concentration profile for different diffusion coefficients was calculated assuming a time-and concentration-independent diffusion coefficient. Green's function of Fick's second law was used to integrate an ideal steplike profile, and the concentration profile was calculated with a step width of 1 nm. This profile was used as input data for the x-ray diffraction simulation software. For a low diffusion length mainly the higher-order fringes are sensitive. After strong interdiffusion the higher-order fringes vanish and only the first-order fringes can be used for the determination of the interdiffusion coefficient.
The interdiffusion coefficients determined from SIMS and x-ray measurements of Figs. 1 and 2 , respectively, are shown in Fig. 3 . In the case of x-ray measurements, the interdiffusion coefficients were calculated from the x-ray rocking curves using both, the first-order reflection and the second-order reflection. Both reflections give slightly different interdiffusion coefficients. The slightly higher interdiffusion coefficient of the second-order reflection may be attributed to the weaker overall signal level, and hence, to stronger influence by the background noise. An additional point ͑open circle͒ is given at the As vapor pressure near the lower edge of the stability diagram for GaAs, this diffusion coefficient was also determined by x-ray measurement.
In Fig. 4 the diffusion coefficient for samples annealed with an As pressure of 1ϫ10 5 Pa and samples capped with an identical superlattice are compared and plotted as a function of inverse absolute temperature. A tenfold increase of the diffusion coefficient is observed, if the conditions are changed from gallium to arsenic rich. The interdiffusion coefficient D can be described by
where k is Boltzmann's constant and T the absolute temperature. The activation energy E is 1.5Ϯ0.4 eV and the preexponential factor D 0 is 7.1ϫ10 Ϫ12 cm 2 s Ϫ1 in the Ga-rich regime. E is 2.0Ϯ0.1 eV and D 0 is 7.8ϫ10 Ϫ9 cm 2 s Ϫ1 in the As-rich case.
For an annealing temperature of 1050°C, the reproducibility of the capping method and the sensitivity to residual gases were evaluated. If the capping material is not the superlattice itself, but a highly Te-doped GaAs wafer, the interdiffusion is enhanced by a factor of 1.5 ͑superlattice cap: Dϭ2ϫ10 Ϫ17 cm 2 s Ϫ1 ; Te doped cap: Dϭ3ϫ10 Ϫ17 cm 2 s Ϫ1 ). A superlattice was capped by itself and arsenic introduced into the ampoule before sealing. The superlattice of this sample was diffused completely after heating under an arsenic pressure of 1ϫ10 5 Pa. The fine fringes between substrate and zeroth-order film x-ray reflection remained, confirming good protection of the surface during annealing.
The quartz ampoules were evacuated down to the high vacuum region of a few times 10 Ϫ4 Pa before sealing. The residual gases or air permeating through the quartz during heating ͑the ampoules were heated in air͒ could influence the diffusion by a chemical reaction with the sample surface. One ampoule was filled with air to 5 Pa before sealing. The diffusion coefficient increased slightly to 2.8ϫ10 Ϫ17 cm 2 s Ϫ1 . A larger amount of air ͑100 Pa͒ in the ampoule destroyed the sample surface including the superlattice during the heating.
IV. DISCUSSION
It has been shown recently that the interdiffusion coefficients of GaAsP/GaAs and GaAsSb/GaAs superlattices are increasing with increasing arsenic vapor pressure during interdiffusion. 15 The pressure dependence of interdiffusion indicates that interdiffusion is governed by a substitutionalinterstitial diffusion mechanism. The two possible mechanisms are ͑i͒ the Frank-Turnball mechanism FIG. 2. X-ray diffraction rocking curves for the same samples as in Fig. 1.   FIG. 3 . Comparison of diffusion coefficients at 1000°C determined by SIMS and ratios of x-ray intensity of superlattice fringes; ͑1͒ first/zeroth order of x-ray signal and ͑2͒ second/zeroth order of x-ray signal. The diffusion coefficient for the capped superlattice was obtained from the fitting line in Fig. 4 and not from the actually measured data point. A As ⇔A i ϩV As , ͑2a͒ where V As indicates an arsenic vacancy, A As a P or Sb atom on a substitutional arsenic site, and A i a fast diffusing P or Sb interstitial, and ͑ii͒ the kick-out mechanism A As ϩI As ⇔A i , ͑2b͒
where I As stands for an arsenic interstitial. The differential equations describing the diffusion process mediated by these two mechanisms are identical if equilibrium conditions for the intrinsic point defects are assumed. Thus, no distinction is possible using only our data. The arsenic pressure dependence of As self-diffusion as measured by Palfrey et al. 16 was just opposite and indicated that the dominant point defect on the arsenic sublattice is V As . Our results combined with those of Palfrey et al. can only be explained consistently if interdiffusion is governed by the Frank-Turnbull mechanism ͓Eq. 2͑a͔͒. Schultz et al. 17 simulated diffusion profiles in GaAsP/GaAs and GaAsSb/GaAs superlattices. They included data from sulphur in-diffusion experiments into their model and concluded that the kick-out mechanism is dominating the diffusion on the arsenic sublattice. Further studies are needed to resolve the contradiction.
The expected pressure dependence for the interdiffusion is given by Dϰp As4 1/4 . From Fig. 3 we derive a proportionality of approximately p As 1/3 . It is presently not clear what causes this slightly higher than expected pressure dependence.
To be useful for interdiffusion studies, sharp interfaces in the as-grown samples are a prerequisite. The sample quality can be checked by both measurement techniques used, but HRXRD allows a more stringent test. Between the superlattice fringes, smaller fringes originating from interference at the whole superlattice are seen. These fringes are visible only if the total thickness of the multilayer is independent of sample position. The amplitude variation of these fine fringes decreases at once if not all of the periods have the same thickness and composition. 8 Thus, any deterioration of the film-like a high density of dislocations, inhomogeneous interdiffusion, or a rough surface due to evaporation loss -would be detected.
As the interdiffusion proceeds, the higher orders of the XRD superlattice fringes decrease in intensity. The phase of the electromagnetic wave propagating in the superlattice is shifted relative to the GaAs crystal if an atom is substituted or if the size of the unit cell changes. The amplitude of the fringes is proportional to the Fourier coefficients of the profile in the kinematic approximation, if a GaAs/AlAs superlattice with nearly identical unit cell dimensions and only a composition modulation for the individual layers is considered. 10 In a GaAs/InGaAs superlattice both composition and lattice parameters vary with position. The intensities of the fringes for such a superlattice can also increase during a diffusion experiment. 11 In our case, a dynamical calculation allows an easier comparison of experiment and simulation, because some superlattice reflections are close to the strong ͑004͒ substrate reflex. 8 Both methods yield similar values for the interdiffusion coefficients. The SIMS profiles resulted in slightly higher interdiffusion coefficients. Although the difference is within experimental error, part of the difference could be due to the limited depth resolution of SIMS.
If the surface of the superlattice is capped by another superlattice on a GaAs wafer, the situation will be as follows: During heating arsenic evaporates from the backsides of the GaAs pieces. As soon as the minimum equilibrium arsenic vapor pressure corresponding to the annealing temperature is reached, no more mass transport away from the sample occurs. Up to reaching steady-state conditions arsenic also evaporates from the film surface. But, here the arsenic loss is negligible, as the low mean-free path in the narrow slit between the GaAs pieces suppresses the transport. If steady-state conditions are reached, the system enclosed by the quartz ampoule will be precisely at the temperature-dependent Ga-rich limit of the GaAs stability diagram. Without capping, the surface of the sample including the superlattice, would have been evaporated.
V. CONCLUSION
Interdiffusion coefficients of a superlattice structure at temperatures between 900 and 1100°C were measured by both SIMS and HRXRD. In agreement with previous investigations, the strong enhancement of the interdiffusion of a GaAs/GaAsSb superlattice for a high external arsenic vapor pressure was confirmed. The capping of a superlattice specimen by a second GaAsSb/GaAs superlattice made interdiffusion experiments at the Ga-rich stability limit of GaAs feasible even at elevated temperatures. Since the diffusion coefficient decreases with decreasing arsenic vapor pressure, a very weak interdiffusion of the superlattice structure occurred under Ga-rich conditions for the experimental conditions used. Moreover, we have shown that interdiffusion of a 20 nm/20 nm superlattice can be measured independently and with similar accuracy by SIMS and high resolution x-ray diffraction.
